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Abstract 
A flight controller based on Simple Adaptive Control (SAC) method was implemented to multipurpose experimental aircraft 
MuPAL-α developed by JAXA (Japan Aerospace Exploration Agency) to demonstrate the effectiveness of SAC flight controller 
in the serious fault case where the longitudinal stability was suddenly reduced in the air. A parallel feed-forward compensator 
was added to make the whole system meet the ASPR (Almost Strictly Positive Real) condition that is necessary for the plant to 
be stabilized by the SAC controller. In order to represent the fault case in a real flight test, a "pseudo-fault term" was added to the 
original controller equipped with MuPAL-α. Through numerical simulations, hardware in the loop tests and flight experiments, it 
was revealed that the SAC could stabilize the aircraft with such a fatal fault while a conventional PID control system could not 
stabilize the plane. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA). 
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1. Introduction 
Currently, control systems on aircraft are mostly designed based on a PID control method. Although PID 
controller has an advantage in its simplicity of the system design and robustness to the external disturbances, it has 
some difficulties, i.e. it cannot adapt to fatal faults, which cause drastic changes in the dynamic characteristics of the 
aircraft, because controller’s gains are static and it is designed to control the time invariant system. In order to cope 
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with the problem, adaptive control methods are proposed for fault tolerant flight controllers. However, the adaptive 
controller has difficulties in designing automatic flight control system since full states are necessary and the tuning 
of all adaptive parameters are complicated[1]. The author’s team applied a simplified reference model adaptive 
control method named simple adaptive control (SAC), which can use a low order reference model and specified 
output information. The low order reference model means that small numbers of adaptive parameters are needed and 
the state estimation unit is not required, which are the distinct advantages in implementing to the aircraft system. 
While SAC requires ASPR (Almost Strictly Positive Real) condition for a plant, a parallel feed-forward 
compensator (PFC) can be used to modify a plant that can be controlled by SAC[2]. Since there are few applications 
of SAC for flight control design, the authors’ team carried out flight tests of SAC flight controller using a 
multipurpose experimental aircraft MuPAL-α developed by JAXA (Japan Aerospace Exploration Agency). 
MuPAL-α is a research aircraft based on Dornier Do228-200 and equipped with a Fly-By-Wire control system 
added to the original mechanical control system[3]. In our previous research, the effectiveness of SAC flight 
controller was demonstrated for the control surface failure cases, i.e. the sudden reduction of control effectiveness in 
an aileron or an elevator[4]. This paper presents the more serious fault case where the longitudinal stability was 
suddenly reduced. In order to represent this fault case in a real flight test, a "pseudo-fault term" was added to the 
original controller equipped with MuPAL-α. In order to demonstrate the effectiveness of the SAC controller, a 
conventional PID controller was applied for the same fatal fault cases. 
This paper is organized as follows. Section 2 explains the aircraft model and parameter settings. Section 3 
summarizes the controller design and the modeling of fault cases. The results of the numerical simulations, the 
ground emulations and the flight experiments are shown in the Section 4 and the conclusions are given in Section 5. 
 
Nomenclature 
Gp transfer function of aircraft system 
Cmα  stability derivative from angle of attack to pitching moment 
λ the rate of longitudinal stability reduction 
k the adaptive gain vector in SAC method 
e error of the control output from the target 
x state property 
u input 
y output 
*m * of the reference model 
*p * of the plant model 
ΓI constant vector for gain adjustment rule of SAC method 
Gf transfer function of PFC 
Gs transfer function of spreading system 
kP, kI, kD PID gains 
 
2. Experiment Aircraft and Fault Scenario 
The experiment aircraft MuPAL-α is used for our research. MuPAL-α (Fig.1) is a research aircraft based on 
Dornier Do228-200 and Fly-By-Wire control system is added to its original mechanical control system. 
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Fig.1. MuPAL-α 
In our experiments, the controller rules only the longitudinal motion and the plant system is modeled as single 
input and single output (SISO) model. The thrust power is keptconstant, the control input is only elevator angle 
command and the control output is the difference of the angle of attack from the trim condition shown in Table.1.  
Table1. Trim condition of longitudinal motion 
Parameters Value Unit 
Altitude 1524 m 
Airspeed 66.5 m/s 
Angle of attack 4.98 deg 
 
The transfer function Gp0 from the elevator angle to the pitch angle (equivalent to angle of attack) without faults 
calculated from the equation of motion linearized around the trim condition is written as Eq.(1). 
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The reduction of longitudinal stability is represented as the change of stability derivatives Cmα, which shows the 
relationship between the angle of attack and the pitch moment. In the case Cmα changes from that in the normal state 
Cmα0 to Cmα' by the fault, the transfer function Gp changes from Gp0 to Gp' described in Eq.(2). 
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3. Fault Tolerant Flight Controller based on SAC 
In this section, the methods used to construct the fault-tolerant controller are explained. In the section 3.1, Simple 
Adaptive Control, the base method of fault-tolerant controller in this paper, is described. Section 3.2 introduces the 
parallel feed-forward compensator (PFC), which is required to apply SAC to the aircraft control system. Section 3.3 
shows the method how the stability reduction fault is simulated in flight experiments. 
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3.1. Simple Adaptive Control (SAC) 
Simple adaptive control (SAC) is one of model reference adaptive control (MRAC) methods, which was 
proposed by H. Kaufman in 1982[5]. SAC is categorized as a simplified version of MRAC, and has the same 
characteristics as MRAC, e.g. SAC has the reference model that shows ideal response, and SAC includes both feed-
forward loop and feed-back loop which has adjustable gains. These characteristics make it possible for the controller 
to adapt to the critical fault, while PID controller cannot maintain the stability. The difference between SAC and 
MRAC is that SAC can stabilize the system using only the output while MRAC needs all the state parameters, 
which means the structure of SAC controller depends on the dimension of the output, not on that of plant, and can 
be simple even with the high-dimensional plant. The basic configuration of SAC controller is shown in Fig. 2. kum, 
kxm, ke are the adaptive gains. First two of them are the feed-forward gain and the last one is the feed-back gain, 
respectively. These parameters are adjusted to make the system output y to follow the output of the reference model 
ym .  While various types of the adaptive algorithms are proposed, integration adaptive algorithm with sigma-
modification described as Eq. (4) is taken in this paper[6?. 
   (4) 
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The first term of the right side of Eq. (4) represents the basic function of integration adaptive algorithm, which 
theoretically enables the output of plant to follow that of the reference model by itself. In the real flight condition, 
however, the error e cannot be zero and the adaptive gain k will diverge. In order to avoid the divergence, the sigma-
modification term, the second term in the right side of Eq. (4), is introduced[6]. This negative feedback term has an 
effect to get the adaptive gain k closer to zero vector and the constant  σI represents the intensity. 
 
 
Fig.2. Basic configuration of SAC controller 
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Fig. 3. Configuration of SAC controller with PFC 
3.2. Parallel Feed-forward Compensator (PFC) 
Almost strictly positive real (ASPR) condition is the constraint for the plant to enable SAC controller to make the 
plant output converge to the output of the reference model[2,5]. ASPR condition for the transfer function of SISO 
system is described as below: 
x All zero points exist in the left half side of complex plane 
x The relative order of the plant transfer function is 0 or 1 
x The coefficient of the highest degree in the numerator of the plant transfer function is positive 
The condition above is not satisfied by the most of actual systems including the dynamics of aircrafts because 
dynamic equations contain inertia terms, which make the relative degree of the transfer function over 1. Parallel 
feed-forward compensator (PFC) is proposed to solve this problem. This compensator is added parallel to the 
original plant so as to let the augmented system satisfy ASPR condition. Fig. 3 shows the whole controller, which 
includes the basic configuration of SAC with PFC. 
In our experiments, the transfer function of PFC Gf  is defined as Eq. (9). With this PFC, the transfer function of 
the augmented plant Gs is written as Eq. (9) and it can be shown that the whole plant satisfies the ASPR condition 
where λ < 14.2. 
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3.3. Modeling of the fault 
In order to represent the transition of the plant in the cases with fault, "pseudo-fault" term H is defined as Eq. (11). 
Gs0 is the transfer function of the augmented plant in the normal state and Gs' is that of the plant in fault cases. 
0
's
s
GH
G
    (11) 
Figure 4 describes the whole controller including the fault modeling implemented to the MuPAL-α. 
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Fig.4. Configuration of SAC controller with PFC 
4. Ground Test and Flight Test Results 
In order to evaluate the effectiveness of the SAC controller in the fault case of the sudden reduction of aircraft's 
longitudinal stability, flight experiments with MuPAL-α were conducted. After the numerical simulations, a series 
of ground tests were carried out in advance. At this ground test, the hard were in the loop simulation was conducted 
in order to confirm the flight controller developed. The settings and the results of these ground tests the final flight 
tests are described in this section. 
4.1. Ground Tests 
Table2. Setting parameters in the ground tests 
Parameters Value 
Common  
Target angle of attack r  5.0 deg from trim condition 
λ 0.10 
Break time 145 sec 
SAC  
k11 2000 
k22 200 
k33 100 
PID  
kP 1.0 
kI 1.2 
kD 0.02 
 
A series of ground tests were carried as the hard were in the loop simulation.  In these simulations, the dynamics 
of the aircraft was simulated by the computer outside the plane, and the flight controller and the control system were 
operated similarly as these are in the real flights. Therefore, the differences between the ground tests and the flight 
tests were the air forces to the control surfaces and other external disturbances. The dynamics of the flight control 
system and the time delay in the flight control system, which were ignored in the control system design, were 
included in the ground tests. The setting parameters of the ground tests are described in Table. 2. The results of the 
ground tests are illustrated in Fig. 5 and Fig. 6, where at 145 second the fault occurs. Figure 5 represents the result  
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Fig.5 Result of a ground emulation with the SAC controller  
(a) Angle of attack (solid: output, dotted: target), (b) Elevator angle command 
 
Fig.6 Result of a ground emulation with the PID controller  
(a) Angle of attack (solid: output, dotted: target), (b) Elevator angle command 
with the SAC controller and Figure 6 shows the same results with the PID controller. Note that the gust model and 
the sensor noises are included in these simulations. 
Through these ground tests, it is indicated that the SAC controller can keep the aircraft stable even in the fault 
case of sudden reduction of longitudinal stability. In contrast to this result, the conventional PID controller could 
lose the stability. The divergence of the control output with the PID controller also indicates that the "pseudo-fault" 
term works properly. 
 
4.2. Flight Experiments 
After the evaluation of the controllers in the ground tests, flight tests were conducted in June 2014. The setting 
parameters were same as in the ground emulations as shown in Table.2. Figure 7 shows the transition of angle of 
attack from trim and elevator angle command when the system controlled by the SAC controller, and Figure 8 
describes those with the PID controller.  
In the flight experiments, the overall trend of output transitions were same as those were seen in the ground tests, 
but the oscillation that was seen in the ground emulation got weaken, that would happen because the air force  
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Fig.7 Result of a flight experiment with the SAC controller  
(a) Angle of attack (solid: output, dotted: target), (b) Elevator angle command 
 
Fig.8 Result of a flight experiment with the PID controller  
(a) Angle of attack (solid: output, dotted: target), (b) Elevator angle command 
prevent the control surface movement. With the SAC controller, the control output, the angle of attack, followed the 
target angle both before and after the fault happened. On the other hand, the PID controller could not keep the 
longitudinal stability in the case of stability loss, and the output gradually diverges. 
From these results, it was proven that the SAC controller could work effectively even after the reduction of 
longitudinal stability while the PID controller could not stable the system. However, as for the control performance 
in the normal state, it was also shown that PID method operated more effectively than SAC method in these 
experiments. 
 
5. Conclusions 
This research aims to investigate the applicability of the fault tolerant flight controller based on simple adaptive 
control (SAC) method, and the real flight tests using experimental aircraft MuPAL-α were conducted for its 
demonstration. In order to consider a serious fault, the sudden reduction of longitudinal stability in the air was 
simulated in flight tests. Since MuPAL-α equips with fly-by-wire control system, flight characteristics can be 
modified artificially during the flight. Therefore, "pseudo-fault" term was introduced to simulate the failure. 
Through the ground tests and the flight experiments, the effectiveness of the SAC flight controller in the case of 
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serious fault, the sudden reduction of longitudinal stability, was proven. Although the PID controller could not keep 
the aircraft stable after the fault happened and the control output diverged, the SAC controller could stable the plane 
and the output followed the target after the fault happened.  However, the SAC controller proposed in this paper still 
has problems, especially about the control performance in the normal state. As the future works, the performance of 
the SAC controller should be improved in the normal states and the MIMO (Multi Input Multi Output) capability of 
the SAC should be investigated for the fault tolerant flight controller.  
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